Abstract Long-standing controversy has surrounded aspirin as an antithrombotic modality to prevent venous thromboembolism (VTE), particularly in the orthopedic surgery arena. New data are emerging on the use of aspirin for both primary VTE prevention and secondary prevention of recurrent VTE after an initial anticoagulation course. This review article will provide the history behind the controversy, information regarding recent or ongoing clinical trials of aspirin for primary VTE prevention in major orthopedic surgery, evidence for aspirin in secondary prevention of recurrent VTE, and suggestions for future research. Aspirin may be a reasonable option for VTE prevention in certain major orthopedic surgery patients. Additionally, investigation among non-orthopedic populations such as the acutely ill medical patient and the non-orthopedic surgery patient is encouraged to provide further safety and efficacy data.
Introduction
Venous thromboembolism (VTE) is comprised of deep vein thrombosis (DVT) and pulmonary embolism (PE). It is estimated that up to 300,000 deaths annually in the USA are attributable to VTE [1] . Antithrombotics typically used for VTE prevention consist of the anticoagulants warfarin, unfractionated heparin (UFH), low-molecular-weight heparins (LMWHs), fondaparinux, oral monotarget anticoagulants (OMAs) such as dabigatran, rivaroxaban, and apixaban, and, at times, antiplatelets primarily including aspirin. Significant controversy has surrounded the use of aspirin for VTE prevention over the last three decades. Purported disadvantages predominantly relate to aspirin being less efficacious as compared to anticoagulants in reducing VTE and difficulties in assessing patient adherence. Aspirin possesses some attractive advantages over other prophylactic agents such oral administration, nonprescription status, low acquisition cost, and no need for routine monitoring ( Table 1 ). As such, there is a recently rekindled interest in aspirin's use in various settings including primary VTE prevention [ . The purpose of this review is to evaluate aspirin studies, both old and new, discuss clinical controversy surrounding aspirin in VTE prevention, describe the impact on national VTE prevention guidelines, and highlight suggested areas of future research.
Traditional Pharmacologic Options for VTE Treatment and Prophylaxis
Warfarin has been used as an oral anticoagulant in the USA since 1954. Aside from VTE prophylaxis in medical and surgical patients, it is the gold standard to which other anticoagulants used for VTE treatment are compared. Warfarin has a prolonged half-life of around 40 hour and a delayed onset and offset of action. Thus, peri-procedural ''bridging'' with a short-acting anticoagulant during initiation and/or interruption of therapy in high-risk patients is occasionally warranted. Warfarin dosing is affected by numerous drug-drug and drug-food interactions. Individualized dosing and routine monitoring are required, making warfarin a labor-intensive therapeutic option [5, 6] .
Injectable agents, such as LMWHs, fondaparinux, and UFH, have been widely used for VTE prophylaxis in medical and surgical patients, including use after total hip replacement (THR), total knee replacement (TKR), and hip fracture surgery (HFS; [7 • ]). They are often used as induction agents when transitioning a patient with acute VTE to warfarin or for peri-procedural bridging. In patients with malignancy and acute VTE, LMWHs are recommended as monotherapy for the first 3-6 months of treatment due to better efficacy, fewer interactions, and less risk of adverse events [8] [9] [10] . Importantly, in patients with severe renal impairment (i.e. creatinine clearance \30 ml/ min), LMWHs should be used with caution, while fondaparinux is contraindicated [11] .
OMAs have been introduced in recent years in an attempt to overcome some of the disadvantages of warfarin. OMAs have a more advantageous pharmacokinetic profile, do not require routine monitoring, and have fewer drug, disease, and dietary interactions than warfarin [6] . OMAs should also be used with caution in severe renal impairment due to varying renal clearances. In the USA, an oral direct Factor II inhibitor, dabigatran, and two oral direct Factor Xa inhibitors, rivaroxaban and apixaban, have been approved for stroke prevention in non-valvular atrial fibrillation (NVAF). To date, rivaroxaban is the only OMA FDA-approved for VTE prevention in THR/TKR and VTE treatment.
The Role of Aspirin in VTE
Long-standing controversy exists surrounding the use of aspirin to prevent VTE [12] . Opponents of aspirin have maintained that it may not provide adequate reductions in life-threatening thromboembolic events, particularly within the low-flow, low-shear venous system where fibrin and red blood cell-rich clots predominate. First patented by Bayer in 1889, aspirin has a long history of clinical use for multiple prothrombotic conditions [13] . It is currently recommended for stroke prevention in low-risk atrial fibrillation patients (e.g., CHADS = 1), certain valvular diseases, and secondary prevention of non-cardioembolic ischemic stroke [14] [15] [16] . Aspirin is also a mainstay of therapy in prevention of systemic arterial thromboembolism (ATE). There has been recent rejuvenation in the interest of using aspirin for primary and secondary prevention of venous events because of its non-prescription status, ease of use, and low cost compared to other antithrombotics. Aspirin irreversibly inhibits the enzyme cyclooxygenase, which is responsible for thromboxane A2 and prostaglandin synthesis. This, in turn, impairs platelet adhesion, activation, and aggregation. Platelet inhibition effects last the lifespan of the platelet, approximately 5-9 days. Aspirin is metabolized via plasma esterases, as well as hepatic conjugation, and metabolites are eliminated in the urine. Because of the multiple routes of elimination, aspirin can be given to patients with renal or hepatic failure [17] . Side effects relate primarily to bleeding, gastrointestinal (GI) tract irritation, and rare hypersensitivity reactions. Most drug interactions are with agents that exacerbate GI irritation and/or bleeding effects such as other antiplatelet agents and non-steroidal anti-inflammatory agents [18] . While salicylate levels can be obtained, there is no specific antidote [19] . In some emergency situations, transfusion of functioning donor platelets can be considered with caution [20] . Overall, aspirin has been employed primarily for its antithrombotic effects within the high-pressure, high-shear arterial system where platelet-rich thrombi predominate. However, with recent advances in our understanding of how clot formation occurs, shifting from a ''cascade'' model to a ''cell-based'' model, it appears platelets have a key supporting role in the initiation, amplification, and propagation phases of VTE formation [21, 22] . Thus, there is biological rationale to support the premise of aspirin in prevention of VTE.
Differences Between AAOS and ACCP Guidelines in the Orthopedic Population
One of the most controversial areas over the last several decades has surrounded the use of aspirin in major orthopedic surgeries, specifically HFS, THR, and TKR. Annually, in the US, over 500,000 procedures for both THR and TKR are performed, with that number expected to grow by 175 and 675 % by 2030, respectively [23] . THR patients are at higher risk for proximal DVT, whereas patients that undergo TKR have a higher incidence of distal DVT [24, 25] . Previous editions of American College of Chest Physicians (ACCP) guidelines specifically recommended against aspirin as monotherapy for VTE prevention in this population [26] . Interestingly, however, the more recent 2012 ACCP guidelines now recommend aspirin as an option for TKR, THR, and HFS (all grade 1B) as compared to no thromboprophylaxis [7 • , 27 • ]. This change was primarily driven by a shift towards basing recommendations on the use of prophylaxis to reduce ''patient-important'' symptomatic VTE events only, rather than also including asymptomatic events, as well as taking into consideration the hazard of symptomatic bleeding (i.e. net clinical benefit [12, 26] ). These significant changes in recommendations have come under considerable scrutiny [28] . Importantly, while aspirin is a recommended ACCP option, LMWH is ''suggested'' as the preferred agent over other options including aspirin (grade 2C [7 • ] ). The ACCP guidelines should be interpreted and applied cautiously, because findings of the PE prevention (PEP) trial (discussed below) have been extrapolated to both HFS and THR/TKR patients, even though no significant benefit was found in the PEP THR/TKR cohort.
Orthopedic surgeons tend to place a higher value on preventing bleeding events, whereas non-surgeons tend to place a higher value on preventing thrombotic events. As such, there has traditionally been strong opposition between the American Academy of Orthopedic Surgeons (AAOS) and the ACCP regarding VTE prevention. However, like the ACCP, the AAOS has also made some changes in their most recent guidelines [27 • ]. AAOS has changed the title of their document to ''Preventing Venous Thromboembolic Disease in Patients Undergoing Elective Hip and Knee Arthroplasty'' whereas previously, they focused only on prevention of symptomatic PE. The AAOS guideline, like the ACCP guideline, recommends pharmacologic prophylaxis for THR/TKR patients. However, they do not make recommendations for any specific prophylactic drug, with the exception of recommending aspirin for patients with higher bleeding risks. The AAOS does recommend mechanical compressive devices for patients with known bleeding disorders and/or hepatic disease. For patients with a history of previous VTE, they recommend a dual approach of pharmacologic agents and mechanical compression devices. The use of aspirin in this patient population is complicated by the Centers for Medicare and Medicaid's surgical care improvement project (SCIP), which affects hospital reimbursement. SCIP does not currently recognize aspirin as an appropriate sole prophylactic agent. However, aspirin can be used in a multimodal approach, along with mechanical devices, for patients who undergo elective THR/TKR or HFS and have contraindications to SCIP-recognized pharmacologic agents [12, 29] . Beginning January 2014, the use of aspirin alone for THR/TKR and HFS will be endorsed by SCIP (http:// www.qualitynet.org/dcs/ContentServer?c=Page&pagename= QnetPublic%2FPage%2FQnetTier4&cid=1228773265583, accessed 30 Sep 2013).
Aspirin for Primary Prevention of Venous Thromboembolism (VTE)
The efficacy of anticoagulants in reducing morbidity and mortality associated with VTE was proven nearly 50 years ago, and that efficacy has been bolstered by numerous clinical trials and meta-analyses over the years [30] [31] [32] [33] [34] [35] . As a result, anticoagulants have become the preferred agents for primary prevention of VTE.
The PEP Trial
Early clinical trials examining aspirin for post-surgical VTE prevention had key methodological limitations, and meta-analyses generated conflicting results [36] [37] [38] [39] [40] [41] [42] . Consequently, aspirin was viewed by most as inferior to anticoagulants for primary VTE prevention. This collective body of low-quality, inconclusive evidence prompted the PEP trial, which was published in 2000 [43] . To date, this is the largest, randomized, placebo-controlled trial examining aspirin for VTE prevention. It included 13,356 patients undergoing HFS and another 4,088 patients undergoing elective THR or TKR. Patients were randomized to receive aspirin 160 mg daily or placebo for 5 weeks. Approximately 35-44 % of patients received concomitant UFH or LMWH, and 30 % had thromboembolicdeterrent stockings, making the true impact of aspirin on VTE difficult to discern. In the HFS cohort, aspirin use resulted in a 29 % reduction in symptomatic DVT [1.0 vs. However, there was no difference in mortality up to day 35 in the overall HFS cohort (6.7 vs. 6.9 %; HR 0.97; 95 % CI 0.85-1.1). In the elective arthroplasty cohort, there was no significant difference in VTE incidence between patients receiving aspirin and those receiving placebo (1.15 vs. 1.4 %; HR 0.81; 95 % CI 0.47-1.42), nor was there any significant effect on mortality (9 vs. 11 %; HR 0.72; 95 % CI 0.29-1.79). Overall, patients receiving aspirin had significantly more postoperative bleeds requiring transfusion compared to the placebo group (2.9 vs 2.4 %; p = 0.04).
The PEP investigators have been criticized for deemphasizing the primary outcomes specified in their original protocol (e.g., any vascular death, major non-fatal vascular events), choosing instead to focus on secondary outcomes of DVT, PE, or any VTE. They have also come under scrutiny for changes to sample size calculations and inadequate presentation of bleeding data [44, 45] . The PEP trial, however, does possess some strengths, including randomization, blinding, large sample size, inclusion of only symptomatic events, and almost complete follow-up. While the PEP trial did show that aspirin is a viable alternative to no prophylaxis, it unfortunately did not address the question of whether or not aspirin is equivalent, non-inferior, or superior to anticoagulants for primary VTE prevention. Evidence suggests that LMWHs are better than aspirin for DVT prevention [46] . However, aspirin proponents are quick to point out the lack of direct evidence to show superiority of LMWH over aspirin in preventing the more concerning condition of PE or in reducing mortality [46] .
Could Alternative Primary VTE Prophylaxis Strategies Be Adequate in Contemporary Practice?
Over the last two decades, major changes in surgical techniques, surgical populations, and post-procedural care plans may have impacted the risk of post-operative VTE. Prior to 1980, the rate of symptomatic VTE among orthopedic surgery patients not receiving prophylaxis was approximately 15-30 % [47] [48] [49] [50] [51] . A more recent observational study reported a much lower symptomatic VTE incidence of 2.7 % (1.1 % PE, 1.5 % DVT, 0.6 % both PE and DVT). This is likely attributable to shorter lengths of stay and use of multimodal VTE prophylaxis strategies that include pneumatic compression devices, earlier ambulation, and use of regional anesthesia [52] . In the most recent iteration of the ACCP guidelines (2012), baseline symptomatic VTE risk among major orthopedic surgery patients in the absence of prophylaxis is estimated to be 4.3 % (1.5 % PE, 2.8 % DVT [7 • ]). Even though the incidence appears to have decreased, VTE is potentially fatal, often clinically silent, and at-risk patients should be appropriately managed with evidence-based prophylactic regimens. Outcomes from older VTE prophylaxis studies may not be representative of the contemporary clinical situations. Given the reduced baseline risk of VTE, the net benefit of anticoagulant prophylaxis has likely changed. This issue is a key driving force behind rekindled interest of aspirin for primary VTE prophylaxis in recent years. Unfortunately, randomized controlled trials, retrospective reviews, and meta-analyses published since the PEP trial have been unable to consistently show an advantage for aspirin over anticoagulants in VTE reduction or bleeding among orthopedic surgery patients [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] .
Two recent large retrospective analyses, based on data from the National Joint Registry (NJR) of England, compared LMWH with aspirin for primary VTE prevention among patients undergoing THR and TKR [64, 65] . More than 265,000 patients between 2003 and 2008 were included and followed for 90 days. Roughly 20 % of study patients received aspirin thromboprophylaxis and 80 % received LMWH. The investigators reported no significant difference in the rates of VTE, 90-day mortality, or major hemorrhage (cerebrovascular or GI) between the two groups. Among TKR patients, there was a significantly greater risk of returning to the operating room within 30 days among the aspirin patients as compared to the LMWH group [0.26 vs. 0.19 %; adjusted odds ratio (OR) 0.73; 95 % CI 0.58-0.94]. Among THR patients, a nonsignificant trend towards reduction in 90-day mortality in favor of LMWH was observed (0.61 vs. 0.65 %; adjusted OR 0.93; 95 % CI 0.77-1.11; p = 0.06). Limitations of these analyses include retrospective design, reliance on coding data, and potential for higher-risk patients preferentially receiving LMWH prophylaxis. The investigators suggested that, given the similar risk of VTE, 90-day mortality, and major hemorrhage between elective THR/ TKR patients receiving aspirin or LMWH, future VTE prophylaxis guidelines should consider incorporation of aspirin as ''a viable alternative to LMWH'' for VTE prevention.
In the recently published non-inferiority, multicenter, double-blind EPCAT trial [2 •• ], patients undergoing THR were randomized to receive either aspirin 81 mg daily for 28 days or dalteparin 5,000 units subcutaneously daily for 28 days after all patients had received an initial 10-day prophylactic course of dalteparin. The primary efficacy outcome was symptomatic proximal DVT or PE within 90 days of randomization. The primary safety outcome was major hemorrhage, defined as fatal bleeding, symptomatic bleeding into a critical area or organ, bleeding causing C20 g/l decrease in hemoglobin, or requiring transfusion of C2 units of blood. Secondary outcomes included death, clinically relevant non-major (CRNM) bleeding, myocardial infarction (MI), stroke, and wound infection. Investigators initially intended to recruit 1,100 patients per group. However, enrollment was stopped early due to commercial availability and significant provider uptake of rivaroxaban, which was approved for VTE prophylaxis during the study period. In an interim analysis by the Data Safety and Monitoring Board (DSMB), it was determined that the endpoint of non-inferiority had been achieved after enrollment and randomization of 786 patients, and that further enrollment would not likely show a safety benefit for aspirin or an efficacy benefit for dalteparin. Adherence to study medications was self-reported as almost 93 %. Only 1 of the 380 aspirin patients had a VTE event compared to 5 of 398 in the dalteparin group in the 90-day follow period. Aspirin achieved non-inferiority, but not superiority, for prevention of VTE compared to dalteparin. There was no significant difference in major bleeding, CRNM bleeding, or any secondary outcomes, including death, MI, or stroke (Fig. 1) .
In an analysis of net clinical benefit using the combined outcome of VTE, major bleeding and CRNM bleeding, a trend favoring aspirin was observed (0.8 vs. 2.5 %; absolute difference 1.7 percentage points; 95 % CI 0.3-3.8 percentage points; p = 0.091; Fig. 1 ). This trial suggests that utilization of anticoagulants for the first 10 days postprocedure, combined with aspirin for an additional 28 days of extended prophylaxis, is a viable alternative to extended prophylaxis with anticoagulation in elective THR. A significant contribution to the literature by this study is the use of low-dose aspirin (81 mg daily) instead of higher-dose regimens often seen in VTE prophylaxis (e.g., 325 mg twice daily). Evidence shows that aspirin doses beyond 65-100 mg daily provide no further reduction in thromboembolic events, but do increase bleeding events [17] . The generalizability of the results from the EPCAT trial may be impacted by the availability of OMAs. As such, a second trial, EPCAT II, which compares aspirin to rivaroxaban for extended prophylaxis in THR patients, is underway. Results are anticipated in early 2018 (clinicaltrials.gov NCT01720108). 
Secondary Prevention of VTE After an Initial Anticoagulation Course
Studies evaluating initial warfarin therapy ranging from 6 weeks to 12 months have found that rates of VTE recurrence remain at 15-20 % within 2 years of discontinuation, regardless of the duration of warfarin therapy [66] [67] [68] [69] . Two recent studies evaluating the use of aspirin in patients with a previous unprovoked VTE have suggested that aspirin may indeed have a role in secondary prophylaxis in patients who have discontinued or are intolerant to warfarin. The Aspirin to Prevent Recurrent Venous Thromboembolism (ASPIRE) and Warfarin and Aspirin (WARFASA) are sister trials that were designed to evaluate the efficacy and safety of aspirin in preventing recurrent VTE after an initial heparin/warfarin course in patients with an unprovoked, first episode of VTE [3 •• , 4 •• ]. In both trials, the primary efficacy outcome was recurrence of symptomatic VTE, and the primary safety outcome was fatal and nonfatal major bleeding. WARFASA evaluated patients with a duration of initial anticoagulation therapy of 6-18 months, while the ASPIRE trial evaluated patients with a duration of initial anticoagulation therapy of 6 weeks-24 months. After the initial anticoagulation course, both trials compared 100 mg of aspirin to placebo for 2 years, with an option to extend treatment in WARFASA, or up to 4 years in ASPIRE.
The WARFASA trial found that recurrence of symptomatic VTE was significantly reduced by 42 % with aspirin as compared to placebo (6.6 vs. 11.2 % per year; HR 0.58; 95 % CI 0.36-0.93). There was no difference in major bleeding, with only one non-fatal, major bleed in each group. There was no difference in rates of VTE recurrence between patients receiving an initial anticoagulation course lasting 6 months as compared to patients receiving a longer initial anticoagulation course. Due to slow recruitment in ASPIRE, the study was not sufficiently powered to detect the expected reduction in VTE events with aspirin. Therefore, during an interim analysis, investigators decided to prospectively synchronize their protocol and combine their results with the results of the WAR-FASA trial. When the ASPIRE results were examined alone, the trial failed to find a significant difference in recurrent VTE, although it did estimate a non-significant risk reduction of 26 % in patients treated with aspirin. The ASPIRE did find significant reductions in the aspirin group in pre-defined secondary outcomes of major vascular events (VTE, MI, stroke, or cardiovascular death; 5.2 vs. 8 % per year; HR 0.66; 95 % CI 0.48-0.92; p = 0.01). Net clinical benefit, defined as the reduction in the rate of composite of VTE, MI, stroke, major bleeding, or death from any cause was also significantly reduced with aspirin (6 vs. 9 %; HR 0.67; 95 % CI 0.49-0.91). When results were combined with those of the WARFASA trial, there was a significant reduction in VTE recurrence (13.8 vs. 19.1 %; HR 0.68; 95 % CI 0.51-0.9; p = 0.007) and major vascular events (15.9 vs. 22.4 %; HR 0.66; 95 % CI 0.51-0.86; p = 0.002) among patients receiving aspirin. In both studies and the pooled analysis, major bleeding was rare and rates were similar between groups.
Suggested Future Research
Although there has been a long-standing belief that aspirin does not play a significant role in VTE prevention, emerging data suggest it may be a reasonable option. However, further research is needed to validate the existing body of evidence. Specific areas of research that could help further define the role of aspirin include VTE prevention in orthopedic and nonorthopedic surgical patients, as well as non-surgical patients. Research should encompass well-designed, randomized clinical trials comparing aspirin against standards of care such as warfarin, OMAs, LMWH, and fondaparinux (both with and without an initial period of anticoagulant prophylaxis); aspirin against placebo or mechanical devices where ethical; and examining the optimal dose and duration of aspirin therapy for primary and secondary VTE prevention. Investigators should not discount the impact of advanced surgical techniques, a multimodal approach to VTE prophylaxis and aggressive post-operative care plans, which may have rendered previous clinical trial data somewhat obsolete. Study outcomes should ideally include mortality, although the large number of patients needed might make this unfeasible. Other outcomes may include quality of life, incidence of symptomatic VTE, non-VTE vascular events (e.g., MI, stroke), major hemorrhage, and net clinical benefit.
Impact on Emergency and Hospitalist Physicians
Use of aspirin for primary and secondary VTE prevention has the potential to affect the practice of emergency and hospitalist providers in several ways. Aspirin is available over the counter and may not always appear on the patient's formal prescription list within the electronic medical record. It will be important for providers to determine the exact indication for aspirin therapy (e.g., cardioprotection for coronary artery disease, primary or secondary VTE prevention, etc.) in a particular patient and clearly document this in the medical record. This will allow review of the medication profile for interactions that potentiate bleed risk, avoid critical errors of omission, and promote implementation of appropriate peri-procedural medication strategies.
Occasionally, a patient on warfarin for a prior VTE will present to the hospital and may have been maintained on anticoagulation beyond their initial prescribed, or intended, duration of therapy. Other patients may complete therapy during the hospitalization. Hospitalists and emergency providers may consider use of aspirin instead of anticoagulation in these patients to mitigate the risk of bleeding, simplify the patient's medication regimen, and possibly improve patient satisfaction and quality of life. If a shift from anticoagulation therapy to aspirin is made, it is imperative to counsel the patient and caregivers on the change and to encourage them to communicate this information to their outpatient providers as well as their retail pharmacist. Finally, use of aspirin for primary and secondary VTE prevention may shift medico-legal risk away from hospital providers as it would not require routine monitoring and adjustment, as does warfarin therapy. Emergency and hospitalist providers should stay abreast of emerging evidence regarding aspirin for VTE prevention and apply it to their practices accordingly.
Conclusion
Controversy has surrounded aspirin as a modality for primary and secondary prevention of VTE over the last several decades. It is possible, with major changes in surgical techniques and post-procedural care occurring in the last decade, that alternative prophylactic regimens are sufficiently effective in preventing VTE among orthopedic surgery patients. The ACCP and AAOS have both recently made significant changes to their VTE prevention guidelines, moving closer to a middle ground on the topic of aspirin. These changes seem to be somewhat prescient given the results of the EPCAT trial looking at aspirin for primary prevention, along with the WARFASA and ASPIRE trials, showing there may be a role for aspirin in secondary VTE prevention after an initial course of anticoagulation. National quality initiatives surrounding VTE prevention, such as SCIP, do not currently include aspirin as an appropriate sole antithrombotic option but will in the near future. Before aspirin can be recommended as a firstline agent or an alternative to anticoagulants for VTE prophylaxis, additional, well-designed studies are needed.
